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Introduction {#sec1}
============

Oxide ceramics have been widely used in engineering and technology fields and enjoyed rapid development because of their superior properties such as robust mechanical strength, exceptional thermal and chemical stability, and physical integrity ([@bib33], [@bib2]). Recently, researchers have successfully fabricated binary oxide ceramic films with shape memory performance, such as ZrO~2~, TiO~2~, and Al~2~O~3~ ([@bib9], [@bib10], [@bib4]). Such mechanical responses offer prospects to revolutionize diverse fields including electronics, energy, medical, aerospace, industrial manufacturing, and other fields and thus make soft oxide ceramics become hot favorites in the advanced material market. Among these applications, fabricating ceramic separators for advanced lithium (Li) batteries has attracted the attention of both academia and industry. Li-batteries provide efficient power for mankind in many applications, but they were prone to catch fire because of internal shorts ([@bib28]).

Most battery internal shorts were potentially related to polymeric separators, which had limitations including low meltdown temperature, poor mechanical strength, and bad chemical inertness ([@bib19], [@bib31], [@bib7]). During cycling, the excessive heating and the chemical oxidation as well as the mechanical attack by electrode expansion might damage the separators. Efforts to enhance the stability of separators have been focused on (1) fabricating ultrastrong separators with special polymers that could withstand high temperatures of 120°C--350°C ([@bib11], [@bib16]); (2) blending different polymers together to construct multicomponent separators, in which the polymer with the lowest melting point melted and clogged the permeating pores to turn off the battery operation in the case of excessive heating ([@bib23], [@bib13], [@bib18], [@bib15], [@bib6]); and (3) forming composite separators by filling or coating the polymeric separators with chemically and thermally stable ceramic particles ([@bib21], [@bib14], [@bib26], [@bib12], [@bib35], [@bib37], [@bib17], [@bib5]), which could improve thermal resistances and promote fast heat dissipation. These methods significantly improved the stability of polymer separators, but still had problems. For example, when thermal runaway occurred, the internal temperature of batteries would rapidly reach over 500°C, at which point the separators degraded immediately. On the other hand, the particles used as fillers or coating layers might block the pores and impede Li-ion transfer. In addition, the storage chemistry of Li-batteries is always accompanied by electrode volume changes, and separators were thus always exposed to stress, in which situation the particles might flake off ([@bib30], [@bib36]).

In this article, we propose a scalable and low-cost synthesis strategy to manufacture soft, light, and robust oxide ceramic separators with exceptional chemical and thermal stability. By developing a scalable ceramic nanofiber (NF) fabrication technique based on electrospinning and calcination, we fabricated a suit of soft ceramic NF films with controllable morphology and thickness including binary oxide of SiO~2~, ternary oxide of BaTiO~3~ (BTO), quaternary oxides of Li~7~La~3~Zr~2~O~12~ (LLZO), and Li~0.33~La~0.56~TiO~3~ (LLTO). All these ceramic NF films displayed lightness of polymer (\<0.36 g/cm^3^) and softness of silk (stiffness of \<31 mN). Here we demonstrated these four materials because they represented different types of oxide ceramics, offering a wide diversity in designing ionic pervious or conductive separators. Specifically, the SiO~2~ had an amorphous structure, the BTO and LLTO had perovskite structures, whereas the LLZO had garnet structure. Soft ceramic separators like these would be extremely attractive for constructing high-safety Li-batteries that require separators to have both soft and hard properties.

These ceramic separators exhibited high liquid electrolyte uptakes of \>900% and large electrolyte retention capability. In addition, they showed robust mechanical integrity that could be laminated securely to the electrodes. The batteries of NCA (LiNi~0.8~Co~0.15~Al~0.05~O~2~)//LLZO separator//Li with limited liquid electrolytes delivered a capacity increase of ∼60 mA h/g at 0.5 C compared with the batteries containing the traditional polymer separators of Celgard 2,500. In addition, these batteries exhibited long cycling stability (80% of capacity retention over 600 cycles), good rate capability (0.1--1 C), abused temperature tolerance (100°C), and high voltage chemistry (2.7--4.6 V), demonstrating more advantages compared with the Celgard 2,500-based liquid-type batteries.

Results {#sec2}
=======

Material Fabrication and Characterization {#sec2.1}
-----------------------------------------

[Figure 1](#fig1){ref-type="fig"}A proposes a general overview of the fabrication of soft oxide ceramic NFs using a sol-gel electrospinning method followed by calcination. The procedures involved the following three steps: (1) stable sol-gel precursor solutions are formed that contained polymer templates and the needed metal salts; (2) during the electrospinning process, with the electrical field changed from strong to weak, the spinning solutions undergo a process of rapid drawing and phase separation to form solidified polymer NF precursors; (3) in the subsequent calcination, accompanied by the decomposition of polymers was the formation of ceramic NFs, where the ceramic nanoparticles (NPs) go through a series of evolutions of crystal nucleus formation and crystal transition, as well as grain growth and fusion.Figure 1Fabrication Procedures, Morphological Characterizations, and Electrolyte Uptake Capability(A) A general picture of using sol-gel electrospinning followed by calcination to fabricate ceramic NF separators for advanced Li-batteries.(B) Morphology and mechanical softness of the electrospun ceramic NF membranes including LLZO, LLTO, BTO, and SiO~2~.(C) Electrolyte wettability of the ceramic NF separators and the commercial Celgard 2,500 separator.

By carefully designing the electrospinning and calcination parameters, four types of ceramic NFs were prepared, as shown in [Figure 1](#fig1){ref-type="fig"}B. These ceramic films displayed intriguing shape memory performance and could maintain their original shapes after various deformations. These ceramic materials exhibited standard crystalline structures as checked by X-ray diffraction (XRD, [Figure S1](#mmc1){ref-type="supplementary-material"}). The average NF diameters of the LLZO, LLTO, BTO, and SiO~2~ were 251, 403, 331, and 489 nm, respectively ([Figure S2](#mmc1){ref-type="supplementary-material"}). These NFs contained primary nanoscale grains, which were bonded with each other to form secondary particles, as verified by the transmission electron microscope (TEM) ([Figure S3](#mmc1){ref-type="supplementary-material"}). Interestingly, when compared with the commercial polymeric separator of Celgard 2,500 that displayed a low electrolyte penetration ability, all the ceramic NF films exhibited markedly enhanced electrolyte wettability ([Figure 1](#fig1){ref-type="fig"}C) and ultralarge electrolyte uptakes of \>900% ([Figure S4](#mmc1){ref-type="supplementary-material"}). It is believed that ceramic NPs had strong interactions with the polar surface groups of the liquid electrolytes, enabling a fast electrolyte wicking speed and a high electrolyte retention ability ([@bib34]). After absorbing electrolytes, these soft ceramic NF films could be used as hybrid solid separators for high-chemistry Li-ion batteries.

To advance these ceramic separators into real applications, it is necessary to increase their areas and decrease their thickness substantially while maintaining the mechanical integrity. The thicknesses of these ceramic films were finely controlled below 50 μm ([Figure S5](#mmc1){ref-type="supplementary-material"}). The film area could be scaled to 2,000 cm^2^ ([Figure 2](#fig2){ref-type="fig"}A) with a medium spinning machine and 12,000 cm^2^ ([Figure S6](#mmc1){ref-type="supplementary-material"}) with a large spinning machine without compromising the mechanical softness. This large and thin ceramic film was soft enough to be folded into a ceramic crane ([Figure 2](#fig2){ref-type="fig"}B). To understand the softness and the durable robustness, bending stiffness and elastic modulus were measured ([Figure 2](#fig2){ref-type="fig"}C), where the commercial Celgard 2,500 films were tested as control samples. Here, the bending stiffness refers to the ability of the ceramic film ([Figure 2](#fig2){ref-type="fig"}D) or a single ceramic NF ([Figure 2](#fig2){ref-type="fig"}E) to resist the elastic deformation when being subjected to stresses, whereas the elastic modulus is the ratio of the stress to the strain in the transverse direction. All these ceramic films had better softness (smaller stiffness) while maintaining comparable elastic modulus when compared with the Celgard 2,500.Figure 2Physical and Thermal Characterizations of the Ceramic and Polymer Separators(A and B) (A) A large-scale ceramic NF membrane and (B) a ceramic crane made from this film.(C) Bending stiffness and elastic modulus tests.(D and E) (D) The soft ceramic NF membrane and (E) a single ceramic NF at bending states.(F) The fabricated soft ceramic LLZO NF membrane with a thickness of 39.2 μm.(G) The soft ceramic LLZO NF membrane with a large porosity of 66% and translucent property.(H) Weight of a circular LLZO separator.(I) Comparison of thermal stability between the ceramic NF separators and the Celgard 2,500.

All these ceramic separators exhibited flyweight densities of \<0.36 g/cm^3^ ([Figure S7](#mmc1){ref-type="supplementary-material"}) with light weights ([Figure S8](#mmc1){ref-type="supplementary-material"}). In contrast, the Celgard 2,500 displayed a much higher volumetric weight of 0.43 g/cm^3^, although it had a smaller thickness of ∼25 μm ([Figure S9](#mmc1){ref-type="supplementary-material"}A). The weight density was closely related to the degree of porosity. The Celgard 2,500 had a small porosity of 40%--50% ([Figure S9](#mmc1){ref-type="supplementary-material"}B), whereas for a specific translucent LLZO NF film with a thickness of 39.2 μm ([Figure 2](#fig2){ref-type="fig"}F), the porosity reached 66% ([Figure 2](#fig2){ref-type="fig"}G). Such a high porosity rendered a circular LLZO separator with a light weight of 2.78 mg ([Figure 2](#fig2){ref-type="fig"}H), which was smaller than 3.05 mg of the Celgard 2,500. On the other hand, although the Celgard 2,500 had a larger elastic modulus at room temperature, it typically could not withstand high temperature ([Figure S10](#mmc1){ref-type="supplementary-material"}). As shown in [Figure 2](#fig2){ref-type="fig"}I, the Celgard 2,500 started to deform at 80°C, while all the ceramic separators exhibited high thermal stability and maintained their shapes without shrinkage at 1,000°C. The thermogravimetric analysis curves further verified the high stability of these ceramics during the entire heating period from 30°C--1,000°C ([Figure S11](#mmc1){ref-type="supplementary-material"}).

Strategies to Make Soft Oxide Ceramic NF Films {#sec2.2}
----------------------------------------------

The softness of the ceramic NF films was determined by three key steps, as shown in [Figure 3](#fig3){ref-type="fig"}A. They were formation of stable sol-gel spinning solutions, electrospinning, and calcination. Here, we take LLTO as an example to illustrate our strategies to make soft multicomponent oxide ceramic NF films. The detailed information for synthesizing the other three ceramic materials are summarized in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}.Figure 3Mechanisms of Forming the Soft Oxide Ceramic NFs(A) A general picture of using sol-gel electrospinning followed by calcination to fabricate oxide ceramic NF membranes.(B) Schematic showing the sol-gel formation process and the interactions between the metal salts and polyvinyl pyrrolidone.(C) Competition between the two main forces on the Taylor apex during electrospinning process.(D) Schematic illustrating the grain changes during calcination in the polymer NF templates.(E--G) TEM images of the ceramic NFs that demonstrate a series of evolutions of crystal nucleus formation, grain growth and grain fusion. (E) Grain growth, (F) grain fusion and (G) grain bounding during the calcination processes to form densely packed ceramic NPs in the NFs.

First, metal alkoxides of C~16~H~36~O~4~Ti were dissolved in a mixed solution of ethanol and acetic acid to form Ti network, which provided sufficient loading sites for La- and Li-ions. Then, the above salt solutions were mixed with polyvinyl pyrrolidone water solutions together to form stable sol-gel. Metal alkoxides were very active due to their negative alkoxy group, which made metal atoms vulnerable to nucleophilic attack. Hydrolysis and polymerization occur immediately after absorbing the water in air. When acetic acid was added as catalyst, the hydrolysis process was accelerated due to the nucleophilic attack of H^+^ ions (as shown in [Equations 1](#fd1){ref-type="disp-formula"} and [2](#fd2){ref-type="disp-formula"}).$$\equiv \text{Ti} - \text{OR} + H^{+}\underset{\rightarrow}{Nucleophilic} \equiv Ti - OR$$$$\equiv \text{Ti} - \text{OR} + H_{2}O + H^{+}\underset{\rightarrow}{Hydrolysis} \equiv Ti - OH + ROH + H^{+}$$

Here acetic acid played a dual role of catalysis and coordination substitution; the former accelerated, whereas the latter delayed the hydrolysis process. Therefore a stable sol could be obtained by controlling the amount of acetic acid. Then, La and Li salts were added into the above sol solution. Because of the strong negative electricity of acetate anion and the strong positive electricity of Ti in C~16~H~36~O~4~Ti, it was likely that acetate radical would continuously replace the oxygen-butyl group to form bridge-bonded di-coordination group, as shown in [Figure 3](#fig3){ref-type="fig"}B. La, Li, and Ti were connected and interacted by acetate radical. These metal ions acted as a cross-linking agent between polymer chains, both of which led to the transformation of the sol-solution into sol-gel. The sol-gel methods endow these metal salts in the precursor solution with sufficient reaction in nanoscale.

After preparing the stable sol-gel that contained polymers and the needed salts, the dynamic evolution process of the solutions during the electrospinning process was investigated. After adding a large voltage (tens of thousands of volts) to the nozzle, an electric field was formed and the colloidal particles of salts that were wrapped by the polymers were charged at the nozzle ([Figure 3](#fig3){ref-type="fig"}C). Here polymers acted as soft templates to bind the salts together without separation in the electrical field. Under the combined action of the electric force and the electrostatic repulsion force, the colloidal solutions went through a process of rapid drawing and phase separation to form solidified polymer NF precursors. Of note, the air humidity had a great influence on the formation of NFs because the water in air would eliminate the charges of the spinning droplets.

The subsequent calcination procedures involved several complex changes that had strong dynamic dependence on time. The formation of crystalline ceramic NPs involved crystal nucleation, transition, growth, fusion, and polycrystalline NP formation. A rapid heating rate always resulted in discontinuous ceramic NFs, because the polymer would quickly decompose, but the crystals did not have enough time to grow. On the other hand, the smaller sizes and the larger quantities of the NPs made it easier to form continuous NFs. As the contents in the precursor NFs were fixed before the calcination, more nucleation would lead to more NPs and smaller NP sizes. Nucleation generally started at low temperatures, but the crystal growth and transition would occur at high temperatures. Therefore, based on the above analysis, our calcination strategy was to keep a proper crystal nucleation temperature for 3 h, during which period the polymers maintained their structures well without decomposition, and then slowly raise the heating rate to the calcination temperature for crystal growth.

Here, polymers were expected to act as grain size inhibitor and a bridge to promote grain interactions. First, due to the high surface atomic density and surface energy of these ceramic NPs, both the van der Waals forces and the interaction forces of chemical bonds between the NPs resulted in soft agglomerations of these NPs by point-to-point contacting. The smaller these NPs, the larger the adhesion forces from the soft agglomerations. Second, the *in situ* crystal growth would lead to the formation of crystal bridges at the very beginning of the crystallization, which caused the fusion of the adjacent crystals. During subsequent growth, the atoms on the surfaces of the NPs would diffuse into the adjacent NPs and form stable chemical bonds, thus forming hard agglomerations between these NPs by surface-to-surface contacting ([Figure 3](#fig3){ref-type="fig"}D). Both the soft and hard agglomerations resulted in densely packed and continuous NP distributions in the NFs, as indicated from the TEM images ([Figures 3](#fig3){ref-type="fig"}E--3G).

The softness and robustness of the ceramic films were mainly endowed by the large length to diameter (L/D) ratio of the individual NFs and the staggered arrangement of NFs ([@bib8]). The electrospun ceramic films had well-staggered and ultrahigh L/D ratio of NFs. When a bending stress was applied to the ceramic NF films, deformation occurred. On the other hand, the soft deformation mechanism of a single ceramic NF was different from that of the films. A straight loading force on the cross section of a single NF would cause the dislocation and recombination between these NPs due to the small attractive force of the soft agglomerations, thus scattering the concentrated stress and showing softness of the ceramic NFs, as indicated by the movements of NPs 1--4 ([Figure S12](#mmc1){ref-type="supplementary-material"}), whereas the large adhesion force between these NPs existed as hard agglomerations endowing the ceramic NFs a certain mechanical strength without breaking. As shown in the atomic force microscopic surface structures ([Figure S3](#mmc1){ref-type="supplementary-material"}B), the NP distributed continuously in the NFs and they bit each other like gears, which increased the binding forces and thus enhanced the robustness of the NFs. Of note, the movements of the ceramic NPs could not be automatically recovered, which means the ceramic NFs did not possess the property of elastic bending, but had a soft property like silk ([Figure S13](#mmc1){ref-type="supplementary-material"}). Based on this analysis, a good strategy to enhance the softness of the ceramic NFs while maintaining their robust mechanical strength was to increase both the soft and hard agglomerations by decreasing the NP sizes while increasing the continuity of the ceramic NPs in the NFs.

Potential Applications of the Ceramic NF Films as Separators for Li-Batteries {#sec2.3}
-----------------------------------------------------------------------------

The fabricated ceramic NF films had a high electrolyte retention capacity. As a lean electrolyte could substantially improve battery energy density and alleviate Li-dendrite growth ([@bib22], [@bib38]), the amounts of liquid electrolytes were therefore restricted to 4 μL/mg of cathodes (in NCA//ceramic//Li cells) or 10 μL (in steel\|\|steel cells or Li\|\|Li symmetric cells and Li\|\|Cu asymmetric cells).

The ionic conductivity of these ceramic separators and a Celgard 2,500 separator at room temperature were measured by electrochemical impedance spectroscopy, which was performed on electrolyte-infiltrated separators sandwiched between two stainless-steel plates. The bulk resistances were obtained from the intersection coordinates of the data lines and the z′ axis ([Figure 4](#fig4){ref-type="fig"}A). All these ceramic separators had a small bulk resistance of \<10 Ω/cm^2^. The corresponding ionic conductivities were calculated and summarized in [Table S1](#mmc1){ref-type="supplementary-material"}. The low ionic resistances of these ceramics were potentially related to their ability of efficient wetting with electrolytes and the large electrolyte retention capacity, which facilitated migrations of Li-ions between electrodes. In addition, the strong interactions of the polar surface groups of the liquid electrolytes with the ceramic NPs also created additional Li-ion conduction pathways.Figure 4Electrochemical Characterizations and Tests(A) Impedance spectra of the ceramic separators and the Celgard 2,500 separator.(B--D) (B) Galvanostatic plating and striping measurements of Li\|\|Li symmetric cells with different current densities at room temperature. Comparison of Columbic efficiency of Li\|\|Cu asymmetric cells containing the LLZO ceramic NF separators and the Celgard 2,500 under a current density of (C) 0.2 mA/cm^2^ and (D) 0.5 mA/cm^2^.(E) Galvanostatic charge-discharge profiles of NCA/LLZO/Li with a termination charging voltage of 4.6 V at 0.5 C.(F) Voltage plateau gaps of NCA/LLZO/Li cells at 0.2 and 0.5 C.(G) Rate capability of the NCA/LLZO/Li cells from 0.1 to 1 C.(H) Long-term cycling tests of the NCA/Li cells with different separators at 0.5 C.

Such efficient Li-ion conductive ceramic separators enabled long-term Li plating (3 h) and stripping (3 h) of cycling stability in Li\|\|Li symmetric cells for at least 700 h, which were evaluated at room temperature under three alternately applied current densities ([Figure 4](#fig4){ref-type="fig"}B). Here we demonstrated the ceramic LLZO separators as an example. At 0.1 mA/cm^2^, the voltage gap (i.e., between plating and stripping cycles) gradually decreased from 8 to 5.5 mV within 156 h. The decrease was ascribed to the improved Li-ion permeability after several cycles. When the current density was increased to 0.2 mA/cm^2^, the voltage gap was maintained at ∼12 mV in the entire test period of 486 h, indicating a stable overall resistance of the LLZO separator during cycling. When the current density was increased to 0.6 mA/cm^2^, the cells could run normally and the voltage gap was expanded to 50 mV.

The LLZO separator also enabled a great improvement in Coulombic efficiency (CE) and the duration of Li\|\|Cu asymmetric cells. A stable CE value close to 95% with a small fluctuation was obtained at 0.2 mA/cm^2^ over the entire 150 cycles ([Figure 4](#fig4){ref-type="fig"}C). In contrast, the Celgard 2,500 cell displayed a small initial CE value of ∼90% and it quickly dropped after 135 cycles with a larger fluctuation all the way. The fluctuation of CE plots was probably associated with the formation of "dead or dendrite Li." When increasing the current density to 0.5 mA/cm^2^, the LLZO separator also exhibited a high and stable CE value of 97.5% within 150 cycles; however, the Celgard cell had a low CE value and started to quickly degrade after 60 cycles ([Figure 4](#fig4){ref-type="fig"}D).

The battery of NCA//LLZO//Li exhibited typical voltage profiles with a low termination charging voltage of 4.3 V at various current rates ranging from 0.1 to 1 C ([Figure S14](#mmc1){ref-type="supplementary-material"}). When promoting the charge termination voltage to 4.6 V, the batteries could run normally with enhanced discharge capacities, i.e., ∼190 mA h/g at 0.5 C ([Figure 4](#fig4){ref-type="fig"}E) and ∼210 mA h/g at 0.2 C ([Figure S15](#mmc1){ref-type="supplementary-material"}). Of note, the voltage gaps at 0.5 and 0.2 C were only 50 mV (for discharge plateaus) and 80 mV (for charge plateaus) ([Figure 4](#fig4){ref-type="fig"}F), further verifying the small polarization of the ceramic LLZO separators. Interestingly, the capacity was almost fully recovered from 150 mA h/g to 180 mA h/g when the current rates were brought back from 1 C to the initial 0.1 C ([Figure 4](#fig4){ref-type="fig"}G), indicating a good rate capability of the LLZO ceramic separators. Accordingly, the ceramic-based batteries at 0.5 C rendered a capacity increase of ∼60 mA h/g when compared with the Celgard 2,500-based batteries, and the capacity retention was also significantly improved over 600 cycles ([Figure 4](#fig4){ref-type="fig"}H), indicating high chemical stability of the ceramic separator without reacting with electrode materials and the liquid electrolytes at high voltage chemistry.

Discussion {#sec3}
==========

Oxide ceramics are commonly regarded as brittle materials. Although there have been several reports of single or organic crystals that exhibited plastic bending ([@bib32], [@bib20]), there were few reports about soft polycrystalline materials like multicomponent oxide ceramics. The techniques used in this article were adaptations of electrospinning methods that had received considerable recent attention for making nanoscale fibers. The successful synthesis of soft oxide ceramics provided a robust methodology to explore the assembly of ceramic NFs and their applications in a 2D porous form with nanoarchitectures. Here, four selected polymers, from the binary oxides of SiO~2~ to the complex ternary oxide of BTO and quaternary oxides of LLTO and LLZO, served as model systems for a proof of concept. In considering the ease of optimization of sol-gel electrospinning parameters and calcination processes, our findings provide a versatile platform for designing new types of soft ceramics.

Preparation of soft oxide ceramics while maintaining their robust strength to meet the practical applications has become an open problem. In this article, we showed that a nanofibrous structure constituted by densely arranged ceramic NPs exhibited the function of shape memory as well as robust elastic strength. As the breakages and cracks could easily occur at the boundary in the NFs, we tried to flatten the boundaries between the ceramic grains by employing polymer NFs as soft templates. It is worthy to note that to obtain the oxide ceramics, a low temperature of \<900°C and a short calcination time of 3--7 h were applied, greatly reducing power energy consumption and time cost when compared with the traditional solid-phase sintering techniques that required a higher calcination temperature of \>1,300°C and a longer calcination time of \>24 h ([@bib27], [@bib3]). We speculate that the nanofibrous structures facilitated the crystal transition at a lower temperature in a short time. These nanoscale ceramic particles tightly bonded with each other, and some of them even fused together to form common boundaries ([Figure S16](#mmc1){ref-type="supplementary-material"}), enhancing the robustness and thus rendering the oxide ceramics with combined characteristics of softness and hardness.

To advance these soft and robust ceramic NF films into the applications of battery separators, the most essential properties that should be considered include weight density, impedances, and electrolyte uptake capability. The weight affects the battery energy density, whereas the other two have a great impact on battery reliability and safety, as well as performance and calendar lives. Electrospinning presents many advantages such as the ease of adjusting the morphology and compositions of fibers as well as the porosity and thickness of the films to achieve the desired functionalities, offering a wide diversity in designing soft ceramic forms ([@bib24], [@bib25], [@bib1]). Of note, the film thicknesses could be finely adjusted from several to hundreds of micrometers, as shown in [Figure S17](#mmc1){ref-type="supplementary-material"}.

The pore sizes and the porosities of the electrospun ceramic films were closely related to the thicknesses of the films, as verified by the air permeability of the films with different thicknesses ([Table S2](#mmc1){ref-type="supplementary-material"}). Specifically, the thin nature of the film resulted in a larger air permeability. Therefore to control the pore sizes, we adjusted the thicknesses of the ceramic films between 30 and 50 μm. In addition, when these ceramic films were applied as battery separators, to eliminate the possible macropores, we added 1.5 wt % polyvinylidene difluoride (PVDF) polymers in the liquid electrolytes to eliminate the possible macropores in the ceramic films and to further enhance the mechanical integrity of the ceramic separators. [Figure S18](#mmc1){ref-type="supplementary-material"} and [Table S3](#mmc1){ref-type="supplementary-material"} show the detailed information of the pore size and pore size distributions of these four types of ceramic NF separators. For example, the average pore size of the LLZO separators was as small as 0.19 μm, which was smaller than those of the commercial electrospun battery separators, showing a great potential to apply them into battery separators.

Combining these merits together, the NCA//LLZO//Li batteries with a high voltage chemistry (i.e., 4.6 V) exhibited enhanced cycling stability with minimum "dead or dendrite Li" moieties after 500 cycles at 0.5 C ([Figure S19](#mmc1){ref-type="supplementary-material"}). Such chemical, mechanical, and thermal responses of these soft ceramic separators make it possible to construct reliable and safe batteries with Li metal as anodes and high-voltage NCA materials as cathodes even at a high temperature of 100°C ([Figure S20](#mmc1){ref-type="supplementary-material"}) without thermal runaway. All these results indicated the potential applications of such novel ceramic separators in advanced Li-batteries. The ceramic separator displayed better thermal stability and durability when compared with recently reported ultrastrong separators or ionic conductor separators ([@bib29], [@bib11], [@bib16]). We believe this finding will have a great impact on the general approaches of achieving soft oxide ceramics with controllable morphology and thickness. In addition, soft ceramic materials like these could enable the design of a range of new hybrid materials that fall between the boundaries of what have typically been regarded as the limitations of hard and soft matter.

Conclusion {#sec3.1}
----------

We have developed a technique of sol-gel electrospinning followed by calcination that can be broadly applied for the fabrication of soft, light, and robust oxide ceramic NF films. A series of soft oxide ceramics from binary oxide of SiO~2~ to multicomponent oxides of BTO, LLTO, and LLZO were created. The optimum conditions for forming these oxide ceramic NFs were established, and the deformation mechanisms between the polycrystals and grains during the bending of a single NF and an NF film were also explored. When applying these ceramic films in Li-batteries, they exhibited low internal ionic penetration resistivity, high chemical stability, and robust mechanical strength, enabling a stable Li plating-stripping cycling with high efficiency and an enhanced long-term stability of NCA//Li cells at a high voltage chemistry of 4.6 V. More importantly, such ceramic NF separators rendered the batteries with a high thermal stability over the operating temperature ranges without thermal runaway. This work provides a promising strategy to produce oxide ceramic films that possess both soft and rigid properties with a low-cost and scalable synthesis method.

Limitation of the Study {#sec3.2}
-----------------------

Our preliminary results show that the soft ceramic NF films with controllable morphology and thickness could be fabricated by adjusting the parameters of electrospinning and calcination. Although we demonstrated the potential applications of these ceramic NF films as battery separators, if the following two technical problems can be addressed, the reliability of such separators will be significantly enhanced. (1) During our preliminary research, we tried to minimize the pore sizes of the ceramic separators by increasing the thickness of the films and by adding a small amount of PVDF polymers in the electrolytes. In spite of this, the films still had a larger average pore size than the commercial separators. The larger thickness of the ceramic separators may cause a low volumetric energy density, while its large pore sizes may facilitate Li-dendrite growth along the pores. (2) In this study, we tested the performance of the ceramic separators by constructing half-cells with Li metal as anode and using limited liquid electrolytes, which we called hybrid-solid separator. However, we did not characterize the ability of such ceramic separators to resist the Li dendrite growth, which was also an unsafety factor.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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